INTRODUCTION {#sec0005}
============

The mice that overexpress mutant human amyloid-β protein precursor (AβPP), presenilin (PS), and/or tau proteins have successfully recapitulated multiple neuropathological features of Alzheimer's disease (AD) including amyloid-β (Aβ) deposits, neurofibrillary tangles, synaptic dysfunction, and gliosis \[[@ref001]\]. Similarly, the pathology has also been correlated with the memory deficit observed in a battery of behavioral tests such as the Morris water maze (WM) task, elevated plus maze, fear conditioning, etc. \[[@ref001]\]. The famous Nun Study, however, shows that memory dysfunction in AD and Aβ load may not correspond to each other in their severity \[[@ref006]\]. Risk factors such as low linguistic ability (idea density and grammatical complexity) in early life increases the risk for dementia \[[@ref006]\], while intelligence lowers the risk \[[@ref007]\]. Similarly, activities that induce cognitive stimulation lower cognitive dysfunction in elderly \[[@ref008]\]. It has recently been shown that cognitive training employing a water maze (WM) task preserves fear related memory in the Tg2576 AD mouse model \[[@ref005]\].

Memory studies conducted with AD mice assessed learning and memory shortly after training \[[@ref003]\]. However, the fate of a memory (remote memory) remains unknown when the gap between training and testing, also called retention interval (RI), is prolonged. New memories are gradually stabilized by memory consolidation \[[@ref010]\], which is a time dependent process \[[@ref011]\]. It is also clear that reactivation of previously consolidated memory makes it enter an active and labile state, and subsequent reconsolidation makes the memory to become more resistant to decay \[[@ref013]\]. This process is called memory reconsolidation and is one of the least understood components in memory research. Retraining animals to the same test, the memory retrieval initiates the memory reconsolidation \[[@ref014]\]. The retrieval of remote spatial memory is thought to be a hippocampal independent event and involves neocortical regions such as prefrontal and anterior cingulate cortex \[[@ref015]\]. However, memory retrieval can also initiate the opposite process called extinction, which weakens the memory \[[@ref016]\]. Studies have shown that the RI determines the fate of a memory. A shorter RI initiates memory reconsolidation whereas a longer RI results in memory extinction \[[@ref017]\]. Additionally, memory extinction occurs on the basis of relevance or recency as well \[[@ref020]\].

Multiple studies have been performed to assess the fate of a remote memory after brain structural damage with major focus on rats \[[@ref021]\]. Only one study has reported to measure remote spatial memory in AD mice using Tg2576 mice \[[@ref005]\]. Therefore, we studied the remote spatial memory in an APP/PS1 mouse model \[[@ref001]\].

The fate of remote spatial memory, i.e., reactivation after prolonged RI, and spontaneous recovery of an original memory after extinction, has not been studied in any AD mouse model. Here, we trained or overtrained both wild-type and APPtg mice, introduced a RI of 4 months, and assessed the forgetting of remote spatial memory and memory reactivation at 7 months of age. Similarly, after assessing memory reactivation, we retrained those mice in a platform reversal task for additional five consecutive days to study the possibility of recovery of the original reactivated spatial memory. We find that in APP/PS1 mice that memory reactivation dysfunction appears as early as 7 months of age. We also find that forgetting of a remote spatial memory as well as memory reactivation dysfunction can be minimized by early overtraining of these mice. In overtrained mice (both wild type and APPtg), we also show that the reactivated spatial memory can be spontaneously recovered even after platform reversal task.

MATERIAL AND METHODS {#sec0010}
====================

Animals {#sec0015}
-------

All experiments were approved by local authorities and were in accordance with the guidelines for animal experiments of the EU (Directive 2010/63/EU). All mice were group housed at 21-23°C with food (RM3P- Product code: 801/700; Scanbur AS Norway) and water *ad libitum* under 12 h day/night cycle. Here, we used female 2-, 3-, and 7-month-old C57BL/6J and APP/PS1-21 (APPtg) mice. The characterization of APP/PS1-21 was published previously \[[@ref001]\]. In this study, we exclusively used hemizygous APP/PS1-21 (APPtg^+/-^) mice.

Experimental design {#sec0020}
-------------------

### Set-up I {#sec0025}

Using the WM task as described below, we started training both wild-type C57BL/6J and APPtg mice at 3 months of age and later assessed learning and memory at 7 months of age. At 7 months of age, we first assessed the remote spatial memory via retraining mice on the same platform position. From day 10 onwards, we performed a WM reversal task (platform shifted towards the opposite position) for five consecutive days and a final probe trial at day 15 as shown in [Fig. 1](#jad-75-jad200161-g001){ref-type="fig"}.

![Experimental design for the assessment of remote spatial memory using WM relearning and WM reversal task. Red circle indicated the platform position for normal WM task and WM reversal task.](jad-75-jad200161-g001){#jad-75-jad200161-g001}

### Set-up II {#sec0030}

Here, we started training mice at 2 months of age and later overtrained at 3 months again. Finally, at 7 months, we assessed the performance of mice in the WM relearning task as well as in the WM reversal task, respectively, as shown in [Fig. 1](#jad-75-jad200161-g001){ref-type="fig"}.

Morris water maze task {#sec0035}
----------------------

The WM task was used as a tool for cognitive training. The method has been described previously \[[@ref024]\]. In brief, a circular water tank (color: white, height: 30 cm, diameter: 116 cm, and 75 cm above the floor) was located 30 cm away from walls/curtains (color: white). As the color of the water tank was white and the color of the plexiglass-platform was transparent, no additional color was added into water. A circular platform (height: 15 cm, and diameter: 10 cm) was fixed at a particular location during training trials. Additionally, the platform was submerged to a depth of 0.5-1.0 cm below the water surface. The water temperature was 22.5±1°C throughout the experiment. Similarly, the light intensity in a water pool was maintained at 65-70 lux and was provided through a diffuse light fixed above the water pool. Four distinct 2D-geometrical shapes were fixed on walls/curtains (115 cm above the ground) that act as distal spatial cues.

An individual mouse was allowed to swim four trials per day with an inter-trial interval (ITI) of 1 min for eight consecutive days. The experiment was stopped if a mouse sat on a hidden platform for 10 s or if the mouse swam for a maximum of 90 s per trial. Here, a mouse had to learn to find a hidden, fixed platform using distal spatial cues. To assess spatial memory, three individual probe trials with a trial duration of 30 s were given on day 4, day 6, and day 9, respectively. As a control experiment, additional four trials were given as visual cue trials on day 9.

The proximity was primarily used as a measure of learning and memory. Proximity \[cm\] was defined as the average position between the mouse and the hidden platform. Similarly, other measures---latency, track length, and % age time spent on the target quadrant---were additionally used as well. Latency \[s\] was defined as the time taken by the mouse to find and climb on the hidden platform. Track length \[cm\] was defined as the total distance swam by the mouse before it climbed on the platform. Finally, % age time spent on the target quadrant (% age s) was defined as the time spent by the mouse (%) on the target quadrant.

At the end of the WM task with 7-month-old mice, we omitted visual cue trials on day 9 as it might hamper the WM reversal task from day 10 onwards.

### WM reversal task {#sec0040}

A WM reversal task was used as a tool to study the remote spatial memory. The task was given from day 10 onwards after completion of the assessment of learning and memory on 7-month-old mice. Here, starting positions as well as platform position were rotated by 180°. The WM reversal task also consisted of normal training trials, a probe trial, and visual cue trials. During the training trials, each mouse was trained with four consecutive trials per day for five consecutive days in which each trial lasted for a maximum of 90 s with an ITI of 1 min. On day 15, a single probe trial of 30 s was given from a novel position. After 2 h of completion of a final probe trial, four visual cue trials were given to each mouse as described previously.

The navigation of a mouse during the training trials was classified into different search strategies \[[@ref025]\] and the graphical representation were shown in [Fig. 2](#jad-75-jad200161-g002){ref-type="fig"} as:

![Graphical representation and classification of a mouse trajectory into different search strategy. The search strategies were mathematically/statistically defined as: thigmotaxis: \>35% of time (90 s) within closer wall zone (10 cm from the pool wall) and \< 65% time in wider wall zone (16 cm from the pool wall); random search: \>70% surface coverage; scanning: \<70% surface coverage, \>10% surface coverage, and \< 0.7 SD (standard deviation) distance to the pool center; chaining: \>65% of time within the annulus zone; perseverance: \<0.45 SEM body angle, \<0.40 SD mean distance to the previous goal; directed search: \>80% of time in the goal corridor; focal search: \<0.35 SEM (standard error of the mean) body angle, \<0.25 SD mean distance to the present goal; and direct swim: 100% in the goal corridor; unclassified: the algorithm could not able to classify into above mentioned classification. An 18-cm wide goal corridor was set. Each column is a discrete search strategy that consists of three representative mice trajectories from training trials for visualization. Furthermore, a search strategy is divided into thigmotaxis, non-spatial search strategy (random, scanning, and chaining), and spatial search strategy (focal, directed, and direct). A blue line was a mouse trajectory and a red circle was a platform.](jad-75-jad200161-g002){#jad-75-jad200161-g002}

Finally, we performed exclusion criteria to remove unmotivated/non-learners from the final data analysis. A mouse will only be removed from data analysis if all criteria are met: 1) if more than 50% of trials of a mouse were unsuccessful, 2) if more than 50% of trials of a mouse had a wall factor value (% time spent in closer wall zone or thigmotaxis) more than 60, and 3) if latency was more than 30 s in at least three trials of visual cue trial experiment. Based on this criterion, the number of animals used in data analysis of each group for the experiments are shown in [Table 1](#jad-75-jad200161-t001){ref-type="table"}.

###### 

Summary table showing number of animals used in the different groups for final data analysis of the WM experiments. The average age of animals when they entered the WM test were 2 months (60±4 days), 3 months (94±4 days), and 7 months (209±4 days).

                                      Age (months)            
  ----------- ---------------------- -------------- ---- ---- ----
  Set-up I       Trained C57BL/6J                    9    10   10
  Set-up I        Trained APPtg                      10   10   9
  Set-up II    Overtrained C57BL/6J        11        11   11   11
  Set-up II     Overtrained APPtg          8         8    8    8

Statistics {#sec0045}
----------

### Data processing and statistical analysis {#sec0050}

In brief, an average performance of a mouse for a given day was calculated before final statistical analysis. The statistical evaluation for repeated measures longitudinal data was performed using a linear mixed model for MWM data \[[@ref026]\] with the nlme package and function (lme) in R version 3.6.1 (https://www.r-project.org/) in which proximity is a function of day and group. Here, day was used as categorical variable and an individual animal's variation was considered as random effect. The subsequent *post hoc* analysis was conducted with Tukey's comparison using lsmeans package in R.

mixed model \<- lme (data = training_data, proximity \~ group \* day, random = \~1\|animal)

For probe trials, we also performed a One-way ANOVA analysis using the lm function. Here, group denotes the group, based on a probe trial.

probe_trial \<- lm (data = probe_data, proximity \~ group)

### Learning score determination {#sec0055}

The learning score system, modification of the Gallagher learning index \[[@ref027]\], was developed as follows: $$\mathit{LS} = \sum\limits_{i = 1}^{n}\left( \mathit{Mi} \times \mathit{Pxi} \right)$$ LS is the learning score, M is the multiplier, Px is the proximity during a probe trial, and n is the number of probe trials. Here, the idea was to generate a numeric value by amalgamating training trials as well as probe trial(s) using proximity as a measure of learning and memory. A multiplier value (M) of a mouse was generated from trials-to-criterion (TTC). A TTC provides a criterion of defining WM performance of a mouse to generate a single number. The basic assumption of TTC is a mouse is said to learn the WM task if it passes a predefined criterion set by an experimenter and has already been used \[[@ref029]\].

In our set-up, we assumed a mouse was said to learn the WM training task if the proximity value was maximum 30 cm for all training trials in a given day. For a mouse that passed this criterion, a numeric score (TTC score) was given. As an example, if a mouse passed the criterion on day 5, a number 17 was given as trial 17 was the first trial of day 5. Similarly, if the mouse passed the criterion on day 2, a number 5 was given. If the mouse passed the criterion on day 8, a number 29 was given. If the mouse did not pass the criterion at all, then an arbitrary score (33) was given because our set-up consisted of only 32 trials (day 8), hence 33 was given. A multiplier value M was determined as a quotient of 33 (considered as an initialization value) and TTC score of a mouse.

Finally, a LS of a mouse was determined as a sum product of M and the proximity value of a probe trial. Finally, the LS was log~10~ transformed.

Because of non-Gaussian distribution, Kruskall-Wallis analysis was conducted to examine the difference on the learning score (log~10~ transformed) of different groups based on cognitive training. Later, a *post-hoc* Dunn's test with Bonferroni adjustment for multiple group comparison using FSA package \[[@ref030]\] in R.

### Cluster analysis and heat map {#sec0060}

The cluster analysis as well as heatmap for previous target crossing (PTC) data from the WM reversal task were generated using packages ComplexHeatmap \[[@ref031]\] and dendextend \[[@ref032]\] in R. In brief, each row is a group and each column is a trial. The data were center-scaled (z-transformation) across training trials. A Euclidean distance matrix was created and then the "complete" algorithm was performed for hierarchical agglomerative clustering.

### Creation of a spatial intensity map from trail trajectories of the mice {#sec0065}

A point pattern map of mice trajectories was generated from the intensity function of the point process in which an intensity is a function of the spatial location \[[@ref033]\]. The intensity estimate ($\widehat{\lambda}$) at a random position *u* was determined from the algorithm \[[@ref034]\] as $${\widehat{\lambda}}_{(u)} = \sum\limits_{i}k\left( x_{i} - u \right)\omega_{i}e\left( x_{i} \right)$$ where *k* is a Gaussian smoothing kernel, *e* (*x*~*i*~) is the edge correction factor, and *ω*~*i*~ are the weights or marks. The unit of intensity is points per unit frame area. The edge correction factor at position *u* (*e*(*u*)) was determined as the reciprocal of the kernel mass inside the window \[[@ref034]\] as $$\frac{1}{e\left( u \right)} = \int_{w}k\left( v - u \right)\mathit{dv}$$ where *W* is the observation window. We chose the Gaussian kernel and used point process likelihood cross-validation method to determine smoothing parameter sigma (*σ*) for selecting the smoothing bandwidth (*h*). The sigma (*σ*) was calculated as $$\sigma = \sum\limits_{i}\log_{10}{\widehat{\lambda}}_{- i}\left( x_{i} \right) - \int_{w}\widehat{\lambda}\left( u \right)\mathit{du}$$ where $\log_{10}{\widehat{\lambda}}_{- i}\left( x_{i} \right)$ is the leave-one-out kernel-smoothing estimate of the intensity at data point *x*~*i*~, and $\widehat{\lambda}\left( u \right)$ is the intensity estimate at a spatial location *u*.

To characterize the location and the size of a spatial hotspot, the mouse trajectory during a WM probe trial was recorded every 50 ms, and was saved as bitmap (bmp) image file (768 x 629 points) by the Viewer 3 software (Biobserve GmbH, Bonn, Germany). Next, all image files for a specific group were combined together at an offset value (0,0) using pillow library and the pixel coordinates (x,y) of mice trajectories in an combined image were extracted to a csv file using numpy library in Python (v3.7.4). The point pattern analyses were conducted using spatstat package in R (v3.6.1) \[[@ref035]\] to analyze the spatial data and to generate the spatial density map. Here we used a default Gaussian kernel smoothing as an algorithm to reveal underlying spatial features \[[@ref033]\]. Since the spatial data were taken from the water maze pool in which the frame of observation is restricted within a water tank, edge correction was also taken into consideration. Finally, the Gaussian kernel smoothing was conducted by selecting a proper bandwidth using smoothing parameter sigma (*σ*).

A two-dimensional window of observation (dimension: radius = 330 pixels, and center = 330, 315 pixels) was used to create a window area of 301786 square units. Next, a spatial point pattern map was generated using "density" function from randomly selected 39,000 pixel points from the mice trajectories. The average intensity was 0.129 points per square unit. Finally, the bandwidth (*h* = *σ*/2) was amplified nine times to visualize the spatial hotspot by selecting sigma (*σ* = 18).

RESULTS {#sec0070}
=======

7-month-old APPtg mice show dysfunction in memory reactivation of remote spatial memory {#sec0075}
---------------------------------------------------------------------------------------

In order to study the fate of remote spatial memory in APP/PS1-21 mice, we designed the Set-up I experiment. Here, we trained both C57BL/6J and APPtg mice at 3 months of age using a WM task for eight consecutive days and found significant group differences during training trials \[F(1,17)=5.12, *p* = 0.03\] ([Fig. 3](#jad-75-jad200161-g003){ref-type="fig"}a, left). Furthermore, by the end of the WM task on day 8, both groups were comparable in their performance \[mean proximity values: trained C57BL/6J=16.8 cm and trained APPtg = 22.4 cm, two tailed unpaired t-test: *p* = 0.20\].

![Deficient spatial memory reactivation in 7-month-old APPtg mice. a, b) Set-up 1: mice were trained at 3 months of age using the WM task and their cognitive performance were reassessed at 7 months of age (right). Mice were trained for eight consecutive days to find a submerged platform in a pool filled with water. The average proximity of mice with respect to a hidden platform were used as a measure of spatial learning and memory. a, right) Mice that have been trained at 3 months of age again performed the WM task at 7 months of age. Mixed model analysis showed significant group difference between trained C57BL/6J and APPtg mice \[7 months: F(1,18)=5.11, *p* = 0.036\] during the retraining task. b) Assessment of spatial memory using probe trials at 7 months of age. During a probe trial, the platform was removed, and mice were allowed to swim from a novel starting position for 30 s and the proximity (cm) of mice from the former platform position was used as a measure of spatial memory. Two-tailed unpaired t-test was performed and did not show any group differences for any probe trial-day. Values are mean±95% confidence interval.](jad-75-jad200161-g003){#jad-75-jad200161-g003}

After four months of RI, we reassessed their learning and memory again using the WM task in the same environment at 7 months of age. First, we assessed the forgetting of the remote spatial memory from their performance of the first trial at day 1 but did not find any significant group difference \[mean proximity values: trained C57BL/6J=37.8 cm and trained APPtg = 36.4 cm, two tailed unpaired t-test: *p* = 0.80\] indicating a similar level of forgetting. However, assessing forgetting based on a single trial can be error prone. Therefore, we also assessed forgetting based on WM performance over all trials of day 1 and did not find any significant group difference on day 1 \[mean proximity values: trained C57BL/6J=32.7 cm and trained APPtg = 39.0 cm, two tailed unpaired t-test: *p* = 0.22\].

Second, we compared the overall performance of the mice during training trials and found a significant group difference \[F(1,18)=5.11, *p* = 0.036\] as in [Fig. 3](#jad-75-jad200161-g003){ref-type="fig"}a (right). Finally, we analyzed the probe trials on days 4, 6, and 9, and found that the mean proximity values at day 4 for both trained APPtg and trained C57BL/6J were 41.5 cm and 40.5 cm, respectively. Although, the mean proximity values for both groups decreased at the third probe trial on day 9, the two-tailed unpaired t-test did not show any significant group difference in any probe trial-day ([Fig. 3](#jad-75-jad200161-g003){ref-type="fig"}b). However, assessing learning and memory based on a single measure can be error-prone, hence we also assessed WM performance based on other measures such as latency, track length, and % age time spent on target quadrant. These additional assessments corroborated our result that APPtg and C57BL/6J differed significantly during WM reactivation task ([Supplementary Figure 1](#S1){ref-type="supplementary-material"}).

Cognitive overtraining rescues forgetting and improves memory reactivation of remote spatial memory {#sec0080}
---------------------------------------------------------------------------------------------------

Next, we wanted to observe the effect of early and extensive training on the forgetting and reactivation of a remote spatial memory in APPtg mice. Hence, we performed another set of experiments (Set-up II). Here, we trained mice at 2 months of age, retrained them at 3 months of age, and finally reassessed their performance at 7 months of age. First, we analyzed forgetting of a remote spatial memory from their performance on the first trial of day 1 and found that there was no significant group difference \[mean proximity values: overtrained C57BL/6J=30.1 cm and overtrained APPtg = 21.7 cm, two tailed unpaired t-test: *p* = 0.07\] indicating similar level of forgetting. Second, we also compared forgetting based on overall performance of day 1 and did not find any significant group difference \[mean proximity values: overtrained C57BL/6J=25.9 cm and overtrained APPtg = 25.2 cm, two tailed unpaired t-test: *p* = 0.77\]. Third, we compared their overall performance during training trials and also did not find any significant group difference \[F(1,17)=0.63, *p* = 0.43\] ([Fig. 4](#jad-75-jad200161-g004){ref-type="fig"}b). Finally, performing three different probe trials on day 4, 6, and 9 showed that the mean proximity values for both groups in any probe-trial day hovered around 30 cm ([Fig. 4](#jad-75-jad200161-g004){ref-type="fig"}b). Two-tailed unpaired t-test also did not reveal any significant group difference in any probe-trial-day ([Fig. 4](#jad-75-jad200161-g004){ref-type="fig"}b). Assessing WM performance based on a single measure can be error-prone. Hence, we also measured WM performance based on other measures such as latency, track length, and % age time spent on target quadrant. Using these measures, we did not find any significant group difference during training trials and probe trials ([Supplementary Figure 2](#S1){ref-type="supplementary-material"}).

![Cognitive overtraining rescues forgetting and improves memory reactivation in APPtg mice. a) In Set-up II (over-trained group), we started training mice at 2 months of age, retrained them at 3 months, and assessed the WM performance at 7 months of age. At 2 months, we did not find any significant difference between overtrained C57BL/6J and overtrained APPtg \[F(1,17)=1.83, *p* = 0.19\]. Retraining of the same animals at 3 months of age also did not show any significant group difference \[F(1,17)=0.80, *p* = 0.38\]. Finally, the effect of cognitive overtraining was assessed at 7 months of age and no group difference was observed between overtrained C57BL/6J and overtrained APPtg mice \[F(1,17)=0.63, *p* = 0.43\]. b) Performance of animals during probe trials. Three independent probe trials were given before normal training trials on day 4, 6, and 9, respectively, in which mice were allowed to swim for 30 s. Two-tailed unpaired t-tests were performed between groups on each probe trial. Proximity (in cm) was used as a measure of spatial learning and memory. Overtrained C57BL/6J: 7 months of age: 11 animals and overtrained APPtg: 8 animals. Values are mean±95% confidence interval.](jad-75-jad200161-g004){#jad-75-jad200161-g004}

Finally, in order to understand the effect of cognitive training on remote spatial memory and WM performance of various experimental groups, we re-performed statistical analysis between all possible groups during training trials performed at 7 months of age. First, we compared the performance of all groups of the first trial of day 1 and found significant pairwise difference between overtrained APPtg and trained APPtg ([Table 2](#jad-75-jad200161-t002){ref-type="table"}). Second, measuring forgetting from a single trial could be error-prone hence, we compared forgetting between all experimental groups on the overall day 1 data and found that cognitive overtraining not only significantly rescued forgetting of APPtg mice (row 2, [Table 3](#jad-75-jad200161-t003){ref-type="table"}), but also made forgetting of APPtg comparable to C57BL/6J (row 1, [Table 3](#jad-75-jad200161-t003){ref-type="table"}). We also assessed forgetting (first trial or first day) between all groups based on latency, track length, and % age time spent on target quadrant, and found that cognitive overtraining could rescue forgetting of APPtg mice ([Supplementary Tables 1 and 2](#S1){ref-type="supplementary-material"}).

###### 

Summary table of one-way ANOVA followed by post hoc Tukey's comparison for different groups in a first trial of day 1. Proximity were used as a measure of learning and memory and values were taken from 7-month-old mice. Red-bold values are p \< 0.05.

  Main effect on Trial 1: \[F(3,35)=3.87, *p* = 0.01\]                                                                      
  ------------------------------------------------------ ----------------------------------------------- --------- -------- ----------
  1                                                       Overtrained APPtg versus Overtrained C57BL/6J   --8.48    --1.64     0.36
  2                                                          Overtrained APPtg versus trained APPtg       --14.76   --2.81   **0.03**
  3                                                       Overtrained C57BL/6J versus trained C57BL/6J    --7.67    --1.58     0.39
  4                                                           Trained APPtg versus trained C57BL/6J       --1.39    --0.28     0.99

###### 

Summary table of one-way ANOVA followed by post hoc Tukey's comparison for different groups in day 1. Proximity were used as a measure of learning and memory and values were taken from 7-month-old mice. Red-bold values are p \< 0.05

  Main effect on Day 1: \[F(3,35)=5.64, *p* = 0.002\]                                                                      
  ----------------------------------------------------- ----------------------------------------------- --------- -------- -----------
  1                                                      Overtrained APPtg versus Overtrained C57BL/6J   --0.63    --0.16     0.99
  2                                                         Overtrained APPtg versus trained APPtg       --13.74   --3.14   **0.008**
  3                                                      Overtrained C57BL/6J versus trained C57BL/6J    --6.88    --1.85     0.26
  4                                                          Trained APPtg versus trained C57BL/6J        6.22      1.64      0.37

Third, we compared the overall performance between all groups and found that the main impact of cognitive overtraining can be observed in APPtg mice as overtraining makes APPtg mice perform like C57BL/6J littermates (rows 1 and 2, [Table 4](#jad-75-jad200161-t004){ref-type="table"}; [Supplementary Tables 3--5](#S1){ref-type="supplementary-material"}).

###### 

Summary table showing linear mixed model followed by post hoc Tukey's comparison on repeated measures data. Proximity were used as a measure of learning and memory and values were taken from training trials of 7-month-old mice. Red-bold values are p \< 0.05

  Main effect on overall training trials: \[F(3,35)=8.04, *p* = 0.0003\]                                                                      
  ------------------------------------------------------------------------ ----------------------------------------------- --------- -------- -----------
  1                                                                         Overtrained APPtg versus Overtrained C57BL/6J    0.81      0.30      0.99
  2                                                                            Overtrained APPtg versus trained APPtg       --10.55   --3.85   **0.002**
  3                                                                         Overtrained C57BL/6J versus trained C57BL/6J    --3.52    --1.40     0.50
  4                                                                             Trained APPtg versus trained C57BL/6J        7.83      3.04    **0.022**

The conventional data analysis of a WM task does not integrate WM performance of training trials and probe trials. Hence, it is difficult to interpret such results. Therefore, we integrated training trials as well as probe trial(s) of each mouse to generate a learning score (LS) that enables interpretation and visualization of many groups. For this, a LS for each group (Set-up I and Set-up II) was calculated. Overall, the cognitive overtraining significantly increased the LS of both C57BL/6J and APPtg mice ([Fig. 5](#jad-75-jad200161-g005){ref-type="fig"}). As shown in [Fig. 5](#jad-75-jad200161-g005){ref-type="fig"} (left), the LS of Probe trial 1 separated two groups: The first group consisted of overtrained C57BL/6J, overtrained APPtg, and trained C57BL/6J mice, as these groups are statistically not different when compared to each other. The second group consisted of a single member---trained APPtg mice, which is statistically significant to the other three groups ([Fig. 5](#jad-75-jad200161-g005){ref-type="fig"} left).

![Effect of cognitive overtraining in the learning score of 7-month-old mice. The learning score (LS) of a mouse was determined for probe trial 1, probe trials 1 and 2, probe trials 2 and 3, and probe trials 1, 2, and 3, respectively. The LS data were log~10~ transformed and visualized as violin plot cum boxplot in which a circular dot (cyan color) represents the mean and the horizontal line inside the boxplot denotes the median. For probe trial(s), a Kruskall-Wallis test was performed on a log~10~ transformed LS data. In case of significant group differences, a post hoc Dunn's test with Bonferroni correction was performed for multiple pairwise comparisons at alpha level of 0.05. The significant p values were denoted alongside figure. Details: For probe trial 1, a Kruskal-Wallis test showed a significant group difference \[*χ*^2^(3)=12.11, *p* = 0.006\]. For probe trials 1 and 2, we also found a significant group difference \[*χ*^2^(3)=11.21, *p* = 0.01\]. For probe trials 2 and 3, we also found a significant group difference \[*χ*^2^(3)=9.80, *p* = 0.02\]. Finally, we also found a significant group difference for probe trials 1, 2, and 3 \[*χ*^2^(3)=11.00, *p* = 0.01\]. Number of animals for each group were as follows: overtrained C57BL/6J *N* = 10; overtrained APPtg *N* = 8; trained C57BL/6J *N* = 10; trained APPtg *N* = 10.](jad-75-jad200161-g005){#jad-75-jad200161-g005}

![Performance of WM task in WM reversal task. a) After performing a usual third probe trial on day 9, we skipped a normal visual cue trial since removal of distal cues during visual cue trial may alter the performance during the WM reversal task. From day 10 onwards, we rotated the platform as well as starting positions by 180° for five consecutive days. ANOVA on a mixed model showed no significant effect of cognitive training on proximity at the *p*-value\<0.05 for four different training groups \[F(3,34)=0.87, *p* = 0.46\]. b) WM performance of different groups as a function of training trials for day 10 and day 11. c) Assessment of spatial memory in the WM reversal task on day 15. Mice were allowed to swim for 30 s in a water pool in which the platform was removed. A one-way ANOVA did not reveal significant effects of cognitive training on proximity during probe trial at the *p*-value\<0.05 for four different training groups \[F(3,34)=0.78, *p* = 0.51\]. d) Performance of mice in visual cue trials on day 15. Latency and speed were used as measures to assess visual acuity and motor performance. One-way ANOVA analysis did not show any significant group difference in visual cue trials \[latency: F(3,34)=1.35, *p* = 0.27; speed: F(3,34)=1.29, *p* = 0.29\]. Values are mean±95% confidence interval.](jad-75-jad200161-g006){#jad-75-jad200161-g006}

Mice can solve the WM task using egocentric navigation {#sec0085}
------------------------------------------------------

Although our data suggested that cognitive overtraining with the WM task improved memory reactivation, we do not know whether the reactivated memory can still be preserved even after performing a WM reversal task. To address this question, we rotated the platform position as well as the starting positions by 180° from day 10 onwards and performed training trials for the next five consecutive days. While assessing the WM performance, we assume that all mice should enter this WM reversal task with similar level of learning and memory. Therefore, we compared the performance of all groups on day 8 of WM reactivation task and found out that all groups performed at comparable level (proximity value below 25 cm) at the end of the memory reactivation task ([Tables 5](#jad-75-jad200161-t005){ref-type="table"} and [6](#jad-75-jad200161-t006){ref-type="table"}). Similarly, we also compared the spatial memory of all groups on day 9, found comparable performance between experimental groups ([Supplementary Tables 4 and 5](#S1){ref-type="supplementary-material"}).

###### 

Summary table of one-way ANOVA followed by post hoc Tukey's comparison for different groups at day 8 from 7-month-old mice. Performance was assessed by proximity. Red-bold values are p \< 0.05

  Main effect on day 8: \[F(3,35)=3.72, *p* = 0.02\]                                                                     
  ---------------------------------------------------- ----------------------------------------------- -------- -------- ----------
  1                                                     Overtrained APPtg versus Overtrained C57BL/6J   --1.05   --0.34     0.98
  2                                                        Overtrained APPtg versus trained APPtg       --8.66   --2.79   **0.04**
  3                                                     Overtrained C57BL/6J versus trained C57BL/6J     0.21     0.07      0.99
  4                                                         Trained APPtg versus trained C57BL/6J        7.83     2.67     0.052

###### 

Summary table of proximity values of different groups at the first day and the last day of a WM task and a WM reversal task. SD is standard deviation

  --
  --

In WM reversal task, we found that all groups quickly learned the task as early as by the second day (day 11) as proximity values hovered around 30 cm ([Fig. 6](#jad-75-jad200161-g006){ref-type="fig"}a, b and [Supplementary Figure 3](#S1){ref-type="supplementary-material"}a-c, respectively). Similarly, we did not find any significant group difference during training trials \[F(3,34)=0.87, *p* = 0.46\] ([Fig. 6](#jad-75-jad200161-g006){ref-type="fig"}a, [Supplementary Figure 3](#S1){ref-type="supplementary-material"}a-c, respectively). However, the overtrained groups performed worse as compared to trained groups on the first day (day 10) ([Fig. 6](#jad-75-jad200161-g006){ref-type="fig"}b). Similarly, we assessed spatial memory during the probe trial on day 15 and found that the performance worsened for all groups as proximity and % age time spent on target quadrant hovered around 40 cm and 25%, respectively. In addition, one-way ANOVA analysis did not show any difference between groups ([Fig. 6](#jad-75-jad200161-g006){ref-type="fig"}c and [Supplementary Figure 3](#S1){ref-type="supplementary-material"}d). Thus, the probe trial assessment indicates that the cognitive training did not help improve the cognitive flexibility. At the end of the WM reversal task, we performed visual cue trials and showed that both latency and speed were comparable in all groups ([Fig. 6](#jad-75-jad200161-g006){ref-type="fig"}d).

One important observation we found in WM reversal task was that all groups showed comparable performance at the end of the training trials ([Fig. 6](#jad-75-jad200161-g006){ref-type="fig"}a, [Supplementary Fig. 3](#S1){ref-type="supplementary-material"}a-c, respectively, and [Table 6](#jad-75-jad200161-t006){ref-type="table"}). However, we did not find improvement in a probe trial ([Fig. 6](#jad-75-jad200161-g006){ref-type="fig"}c and [Supplementary Figure 3](#S1){ref-type="supplementary-material"}d). In order to understand the causality behind this contradictory result, we assessed search strategies of each group. Our particular interest was the evolution of spatial search strategy during a normal WM task and a WM reversal task. As shown in [Figure 7](#jad-75-jad200161-g007){ref-type="fig"}b, the spatial search strategy gradually increased as a function of training trials in both trained C57BL/6J and trained APPtg. In Set-up II, the spatial search dominated in the overall strategy for overtrained mice from day 4 onwards ([Fig. 7](#jad-75-jad200161-g007){ref-type="fig"}b). By day 8, both overtrained C57BL/6J and overtrained APPtg exploited spatial search in 60% of total training trials ([Fig. 7](#jad-75-jad200161-g007){ref-type="fig"}b).

![Percentage-stacked-area plot of different strategies adopted by different groups of 7-month-old mice. a) Schema showing the platform position during the WM task and WM reversal task. b) and c) strategies adopted by mice as a function of training trials during the WM task and WM reversal task.](jad-75-jad200161-g007){#jad-75-jad200161-g007}

When the platform position had been changed for the WM reversal task, the dominance of spatial search was taken over by non-spatial search (chaining, scanning, random) as all groups of mice employed non-spatial search in more than 80% of total training trials irrespective of the training day ([Fig. 7](#jad-75-jad200161-g007){ref-type="fig"}c). This search strategy showed that mice can successfully complete the WM task using non-spatial search strategies and corroborates previous findings that rodents can learn the WM task using egocentric (non-spatial) navigation as well \[[@ref036]\].

Cognitive training facilitates spontaneous recovery of reactivated spatial memory {#sec0090}
---------------------------------------------------------------------------------

One logical explanation behind the reappearance of non-spatial search strategies during the WM reversal task is that mice retain memory of the previous platform position. Therefore, we assessed the average number of visits of the previous target area as a function of training day. In fact, cognitive overtraining mainly affected the first day of WM reversal task as mice from Set-up II (overtrained) groups had more previous target crossing (PTC) on the first day, i.e., day 10 ([Fig. 8](#jad-75-jad200161-g008){ref-type="fig"}a). Later, PTC became comparable with its normal trained counterparts from third day onwards ([Fig. 8](#jad-75-jad200161-g008){ref-type="fig"}a). ANOVA of a mixed model of repeated measures showed significant group difference \[F(3,34)=3.81, *p* = 0.01\].

![Previous target crossing in the WM reversal task. a) Memory retention of the previous task was assessed as previous target area crossing as a function of training day. ANOVA of a mixed model showed a significant group difference \[F(3,34)=3.81, *p* = 0.01\]. During pairwise comparison between groups, only overtrained C57BL/6J versus trained APPtg comparison gave significant difference (*b* = 0.54, SE = 0.17, t(34)=3.05, *p* = 0.02). Similarly, pairwise comparison between groups on day 10 (first day of WM reversal task) also showed significant group differences \[overtrained APPtg versus trained APPtg (*b* = 0.43, SE = 0.36, t(34)=1.19, *p* = 0.63); overtrained APPtg versus trained C57BL/6J (*b*=-0.34, SE = 0.35, t(34)=-0.96, *p* = 0.76); overtrained C57BL/6J versus trained APPtg (*b* = 1.89, SE = 0.33, t(34)=5.61, *p* \< 0.0001); overtrained C57BL/6J versus overtrained APPtg (*b*=--1.45, SE = 0.34, t(34)=-4.18, *p* = **0.001**); overtrained C57BL/6J versus trained C57BL/6J (*b* = 1.11, SE = 0.32, t(34)=3.39, *p* = **0.009**); and trained APPtg versus trained C57BL/6J (*b*=-0.77, SE = 0.34, t(34)=-2.25, *p* = 0.12)\]. b) Hierarchical clustering of different training groups in the WM reversal task. Each row represents the training group, and each column represents the training trials. Training groups were sorted row-wise by similarity. Dendrogram represents similarity between different training groups. b, estimate; SE, standard error; t, t-ratio; p, p-value. Values are mean±95% confidence interval.](jad-75-jad200161-g008){#jad-75-jad200161-g008}

Next, we performed hierarchical cluster analysis to observe the sorting effect of cognitive overtraining on different groups via PTC values. [Figure 8](#jad-75-jad200161-g008){ref-type="fig"}b shows that cognitive training created two clusters: 1) one cluster consists of overtrained C57BL/6J, overtrained APPtg, and trained C57BL/6J and 2) another cluster consisted of trained APPtg. This finding corroborated our result as described in [Fig. 5](#jad-75-jad200161-g005){ref-type="fig"}.

Since the previous target area and the starting position for the probe trial in the WM reversal task were located in the same quadrant, it is likely that mice could randomly visit the previous target area during a probe trial. Because of such experimental design, the generated PTC value could be error prone. Therefore, we performed a point pattern analysis of mice trajectories to create a spatial intensity map for every experimental group to observe their average x, y-position in the probe trial. We found that in Set-up I, localization hotspots were visible in the periphery of both platforms (former as well as current) in trained C57BL/6J as well as trained APPtg ([Fig. 9](#jad-75-jad200161-g009){ref-type="fig"}b, c). In case of Set-up II, both overtrained C57BL/6J as well as overtrained APPtg showed a single localization hotspot in the periphery of the previous platform position ([Fig. 9](#jad-75-jad200161-g009){ref-type="fig"}d, e). This demonstrates that cognitive overtraining strengthened the memory reactivation/reconsolidation as well as facilitated the spontaneous recovery of reactivated memory ([Fig. 9](#jad-75-jad200161-g009){ref-type="fig"}d, e). Interestingly, it also shows that the cognitive overtraining reduces the cognitive flexibility/plasticity.

![Spatial intensity (rate) map of different experimental groups in probe trial during the normal WM task and the WM reversal task respectively in 7-month-old mice. Left, accumulated mice trajectories per group (blue lines) with indicated platform position (red colored circle). Right, color-coded spatial rate map with peak rate. a) Platform position during a probe trial of normal WM and WM reversal tasks. A single probe trial was conducted before normal training trials on day 4, 6, 9, and 15. b-e) Mice trajectories and its corresponding spatial intensity map on probe trial on the different days of a normal WM task as well on the WM reversal task.](jad-75-jad200161-g009){#jad-75-jad200161-g009}

DISCUSSION {#sec0095}
==========

In this study, we found in APPtg mice that cognitive training (overtraining) not only improved the recall of remote spatial memory but also improved the spatial memory reconsolidation. Multiple studies show that lifestyle interventions such as environmental enrichment and exercise rescue spatial learning and memory in WM task \[[@ref038]\]. However, some studies have also reported that exercise does not improve the spatial learning and memory in AD mice \[[@ref040]\]. Rather, environmental enrichment improves the WM performance of AD mice \[[@ref041]\].

APP/PS1-21 female hemizygous mice had been used in this study because of early onset of disease pathology and less variability in Aβ levels \[[@ref001]\]. Aβ accumulation starts as early as 6 weeks in the cortex and by 3 months, Aβ begins to appear in hippocampus \[[@ref001]\]. The APP/PS1-21 mice show age-dependent progressive neuropathological features that cause cognitive impairment. It was also reported that spatial memory dysfunction appears from 6.5 months of age in WM task \[[@ref004]\].

Limited studies have been performed to study the remote memories in rodents. Ramos et al. spatially overtrained rats in radial arm maze for 40 days (training starts from postnatal 28 days and continued for 5 days a week for a total of 8 weeks, with eight daily trials) \[[@ref023]\]. After one day or seventy days following the last training trial (RI), bilateral dorsal hippocampi were damaged. When memory was assessed, dysfunction in memory reactivation was observed in both cases \[[@ref023]\]. Similarly, in a WM task, both recent and remote memories are reported to be severely impaired with the loss of temporally graded retrograde amnesia after hippocampal damage \[[@ref021]\]. Jiang and colleagues \[[@ref005]\] studied the fear-related remote memory in Tg2576-AD mice by cognitive overtraining using a WM task. The cognitive training was conducted at 8 months of age and assessment of remote memory was conducted at 9 months with an RI of 28 days. They found that spatial overtraining of Tg2576-AD mice rescued the fear-related remote memory \[[@ref005]\].

For the first time, we here assess the impact of spatial training on remote spatial memory in an AD mouse model. In Set-up I, we started training mice at 3 months (first appearance of Aβ in hippocampus) and assessed remote spatial memory as well as WM performance at 7 months of age. In Set-up II, we performed early and extensive training of mice. Here, we started training animals at 2 months of age (before the appearance of Aβ plaques in hippocampus), again retrained at 3 months, and finally assessed remote spatial memory at 7 months. In both Set-ups, the RI was 4 months. We found that overtraining of mice (C57BL/6J and APPtg) rescued forgetting of remote spatial memory ([Tables 2](#jad-75-jad200161-t002){ref-type="table"}--[4](#jad-75-jad200161-t004){ref-type="table"}).

We are not aware of a study that revealed memory reactivation dysfunction at this early age in any AD mouse model. The memory reactivation of a spatial memory was previously studied on 16-month-old PDAPP mice (Alzheimer's mouse model). Daumas and colleagues \[[@ref009]\] trained PDAPP mice using a WM task so that they showed equivalent level of WM performance at the end of the task. When they retrained after 1.75 months of RI, PDAPP just needed four retraining trials to reactivate the spatial memory to an equivalent level of wild-type mice \[[@ref009]\]. However, another study was conducted using APP/PS1-21 mice, which revealed a dysfunction of memory reactivation at 11 months of age \[[@ref004]\]. Using the same AD mouse model (APP/PS1-21 mice), we, however, observed a dysfunction of spatial memory reactivation as early as 7 months of age ([Fig. 3](#jad-75-jad200161-g003){ref-type="fig"}). Additionally, we also found that this reactivation dysfunction could be mitigated via cognitive overtraining ([Fig. 4](#jad-75-jad200161-g004){ref-type="fig"} and [Table 4](#jad-75-jad200161-t004){ref-type="table"}).

A WM reversal task involves the relocation of the platform to another quadrant \[[@ref042]\] and initiates the reversal learning. The reversal learning requires extinction of the previous memory \[[@ref043]\]. Extinction is suppression of a response in absence of a reinforcer \[[@ref044]\]. The classic example is the extinction of a previous spatial memory in a WM task by performing probe trials multiple times. During extinction of spatial memory, the triangulation between the platform position and the distal cues is severed \[[@ref045]\]. It has also been shown that extinction does not involve the deletion of memory established during acquisition \[[@ref046]\] as it does not involve protein synthesis in the CA1 region of the hippocampus.

The important application of the WM reversal task is the study of the previous spatial memory via memory extinction. For example, spontaneous recovery of a previous memory was first demonstrated in mice by Lattel et al. in 2003 \[[@ref047]\]. Similarly, a virtual WM reversal task in human also shows spontaneous recovery of previous memory \[[@ref043]\]. This spontaneous recovery of previous memory, however, depends upon parameters such as the frequency of reinforcers \[[@ref047]\] and incomplete extinction \[[@ref048]\]. Using rats as model system, Rossato and colleagues \[[@ref048]\] found that during incomplete extinction, the retrieval of original memory induces hippocampal protein synthesis indicating the role of hippocampus in retrieval.

In our study, the high proximity or low % age time spent on target quadrant values of all groups during the probe trial after the WM reversal task ([Fig. 6](#jad-75-jad200161-g006){ref-type="fig"}c and [Supplementary Figure 3](#S1){ref-type="supplementary-material"}d) is an indication that extinction was incomplete. In such scenario, we expected to observe the spontaneous recovery of previous memory in all groups based on Rossato and colleagues. Both studies \[[@ref047]\] used percentage time spent in the respective quadrant area as a measure of memory of previous and current memory. A spatial intensity/rate map, however, estimates the pixel counts of mouse trajectories in x and y coordinates of the water maze pool, hence, it might be more precise as compared to findings based on conventional measures. Using point pattern analysis of mice trajectories, our study showed that trained C57BL/6J and trained APPtg mice tend to show affinity for both previous platform area (previous WM task) as well as new platform area (WM reversal task) ([Fig. 9](#jad-75-jad200161-g009){ref-type="fig"}b, c). However, when cognitive overtraining was performed, a spontaneous recovery of previous memory dominated not only for C57BL/6J mice, but also for APPtg mice ([Fig. 9](#jad-75-jad200161-g009){ref-type="fig"}d, e). Thus, our findings show that spontaneous recovery of the previous and current memory appear discretely during incomplete extinction ([Fig. 9](#jad-75-jad200161-g009){ref-type="fig"}b, c) which contradicts previous studies. This finding, therefore, provides an important update in the current understanding of spontaneous recovery of memory. Similarly, it can also be useful to study cognitive stimulation paradigms to preserve memory in AD patients as we showed in APPtg mice that subjects with cognitive overtraining can perform cognitively normal despite Aβ pathology.

Cognitive reserve and cognitive training via WM task {#sec0100}
----------------------------------------------------

In the Nun Study, Snowdon et al. showed that the severity of brain β-amyloidosis and the clinical manifestation does not follow a one-by-one relationship, and that the clinical effects of AD can be averted despite high Aβ load \[[@ref006]\]. Low linguistic ability in early life increases the risk of dementia \[[@ref006]\], while intelligence lowers the risk \[[@ref008]\] indicating the importance of cognitive training and intervention to lower cognitive dysfunction in elderly \[[@ref008]\]. These epidemiological studies corroborate a cognitive reserve, a hypothesized protective system of the adult brain that minimizes cognitive decline \[[@ref049]\]. Recently, the AlzForum \[[@ref050]\] highlighted the issues of intelligence and education in relation with the likelihood of developing AD demanding new approaches to study and to prevent AD.

Physical exercise intervention shows an improvement or rescue of cognitive dysfunction in AD mouse models \[[@ref040]\] with one exception \[[@ref041]\]. Measures such as active lifestyle, education, or physical exercise help to rescue the cognitive function in elderly \[[@ref040]\]. Similarly, earlier report from Nun Study points possibility of the positive association between the genetic risk factor such as *ɛ*4 allele of apolipoprotein E (*APOE* *ɛ*4) and dementia \[[@ref051]\]. In this unfavorable marriage, a review shows several studies indicating positive interaction between *APOE* *ɛ*4 and gender \[[@ref052]\]. Specifically, cognitive dysfunction is more pronounced in female with heterozygous *APOE* *ɛ*4 than in male counterparts \[[@ref052]\]. Among homozygotes, however, the interaction is more pronounced in male than in female \[[@ref053]\], indicating that *APOE* *ɛ*4 associated cognitive decline varies with gender and zygosity of *APOE* *ɛ*4 \[[@ref054]\]. A study shows that certain lifestyle (education) has the protective effect on the cognitive function of elderly despite being a carrier of *APOE* *ɛ*4 \[[@ref055]\].

There has not been any study conducted so far regarding the impact of cognitive overtraining in the rescue of remote spatial memory as well as reactivation of spatial memory. Therefore, we performed this study and showed that cognitive overtraining helps rescue these aspects of cognitive dysfunction in an AD mouse model.

This may be the first empirical evidence in mice that indicates the importance of cognitive overtraining in preserving a cognitive reserve: early cognitive training can prevent/decelerate cognitive dysfunction. This finding further suggests that the lack of cognitive training has a causal relation to later cognitive dysfunction. Cognitive overtraining, however, seems to be playing a double-edged role. During the probe trial on day 15 of the WM reversal task ([Fig. 6](#jad-75-jad200161-g006){ref-type="fig"}c and [Supplementary Figure 3](#S1){ref-type="supplementary-material"}d), all groups performed worst ([Fig. 6](#jad-75-jad200161-g006){ref-type="fig"}c and [Supplementary Figure 3](#S1){ref-type="supplementary-material"}d) indicating an inverse relationship between cognitive training and cognitive flexibility. Further studies are needed to elucidate the relationship between cognitive overtraining and neuronal plasticity.

In summary, the preservation of the cognitive performance of a learnt task even with severe β-amyloidosis in mice may be used as an indication on how to prevent habituation difficulties of elderly to new and foreign environments, e.g., nursery homes.
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